Abstract: Most sun-tracking systems of solar concentrators are expensive, sensitive to operational costs, and complicated in optical design in which the receiver must be free to rotate about the axis. To overcome the aforementioned problems, this study presents a fixed-focus Fresnel lens solar concentrator (FFFSC) using polar-axis tracking which allows the Fresnel lens to concentrate sunlight to a fixed small heat-receiving area and the receiver remained fixed in location and rotation. Experimental research has been conducted to obtain the optical characteristics of the FFFSC for different solar times, tracking errors, and periodical adjustment errors. It has been found that maximum values of the relative optical efficiency loss (η re-opt,loss ) and minimum value of the optical efficiency (η opt ) of the FFFSC for different solar times are 1.87% and 71.61%, respectively. The mean value and maximum value of the local concentration ratio of the solar flux on the receiver are more than 86.64 and 1319.43, respectively. When the tracking error and periodical adjustment error are within 1 • , the η opt of the FFFSC can reach 70.38% and 68.94%, respectively. The optical characteristics of FFFSC is also verified numerically. Especially, according to the total year simulation of the FFFSC's optical characteristics, maximum value of η re-opt,loss is 0.116%, which means the proposed the FFFSC can achieve fixed-focus.
Introduction
Serious environmental problems which affect human health due to fossil fuel consumption have drawn worldwide awareness in recently years [1, 2] . So far solar energy represents one of the best alternatives to reduce the burning of fossil fuels, which have drawn much attention worldwide [3] . With more and more research available, various types of solar concentrators are usually employed to collect solar energy [4] .
Concentrating technologies are subdivided into line-focusing systems and point-focusing systems. The linear Fresnel solar collector is one of the most promising techniques of line-focusing systems, and many studies have been made and many ideas have been investigated. Zhu et al. [5] proposed a semi-parabolic linear Fresnel reflector solar concentrator, which has no shading and blocking shortcomings and can reduce the manufacturing cost. Huang et al. [6] proposed an azimuth tracking linear Fresnel solar concentrator, which can obtain annual mean total efficiency of 61% when the operational temperature of the receiver is 400 • C. Bellos et al. [7] investigated a linear Fresnel solar collector with a flat plate receiver, which can produce about 8.5 kW of useful heat in summer, 5.3 kW in spring, and 2.9 kW in winter. In order to enhance the thermal performance of the solar linear Fresnel reflector, Bellos et al. [8] also investigated the use of nanofluids. The final results show that the maximum thermal efficiency enhancement with the nanofluid is close to 0.8% at the expense of increasing the pumping work demand up to 50%. Boito et al. [9] presented the methods concerning the optical optimization of a linear Fresnel collector. Rungasamy et al. [10] proposed a compact linear Fresnel system which can create multiple receiver targets for the reflectors to reduce optical losses as adjacent mirrors have dissimilar angles. Since lower and smaller receivers may reduce the system cost, Benyakhlef et al. [11] investigated the effect of mirror curvature on optical performance of a linear Fresnel reflector solar field to find a trade-off between heliostat curvature and receiver height.
However, the point-focusing systems can produce a higher temperature compared with that of line-focusing systems because it enables higher concentration ratios to increase the energy density. In order to ensure that the point-focusing systems can receive maximum solar irradiation at all times, a two-axis sun-tracking system is always used in the solar system, especially azimuth-elevation tracking systems. Valmiki et al. [12] designed and experimentally tested a solar cooking stove with a Fresnel lens which can face the sunlight and concentrate it to a fixed heat-collecting area to maintain a stovetop surface at temperatures around as high as 300 • C. Zheng et al. [13] designed a centralized solar collection system based on the combination of a light funnel concentrator with a deflector, and the results show that the maximum energy density of the focal speckle on the receiver reaches 2500 W/m 2 . Schmitz et al. [14] designed a six-focus, high-concentration photovoltaic-thermal solar polygeneration system with a high geometric concentration ratio of 1733× at each of its six receivers. Chong et al. [15] reported a dense array concentrator photovoltaic system, which consists of a primary concentrator in the form of a non-imaging dish concentrator with a flux concentration ratio of more than 400 suns and a secondary concentrator.
Though the combination of a point-focus concentrator with an azimuth-elevation tracking system can obtain a high energy density, the solar concentrator must be free to rotate about the zenith-axis and the axis parallel to the surface of the Earth in the azimuth-elevation tracking. In other words, using an azimuth-elevation tracking system for a point-focus concentrator dramatically upsurges the system efficiency, but, in return, this results in an increase in the initial and operational costs. Compared with the azimuth-elevation tracking, the advantage of polar-axis tracking is that polar-axis tracking was the best one-axis tracker, delivering around 97% of the yearly energy of azimuth-elevation trackers, and its tracker cost is approximately half that of the azimuth-elevation one [16] . The tracking velocity of polar-axis tracking is almost constant at 15 degrees per hour and the sun declination angle may change weakly in several days [17] .
Therefore, the control system of polar-axis tracking is easy to design. Yabe et al. [18] proposed a laser system that uses the Fresnel lens with a polar tracking system. Alexandru et al. [19] designed a polar dual-axis system for improving the energetic efficiency of a photovoltaic panel, it can reduce the angular field of the daily motion and the number of actuating operations, without significantly affecting the incoming solar energy. Lv et al. [20] investigated a concentrator photovoltaic (CPV) system with the polar tracking system which can satisfy to the maximum extent and the operating costs of the CPV system can be reduced. However, solar receivers must still be free to rotate with the solar concentrator which increases the energy consumption for tracking and cannot be separated or repaired conveniently. Thus, the key idea is to maximize the energy gained through orientation, and to minimize the energy consumption for tracking of the sun's path. The energy reductions can be made by reducing the angular revolution field and the load of the solar concentrator, without significantly affecting the incident radiation.
In this paper, a fixed-focus Fresnel lens solar concentrator (FFFSC) is proposed as a new type of solar concentrator, which combines a Fresnel lens and a polar-axis tracking system. The FFFSC has the advantages of lower manufacturing cost than that of azimuth-elevation tracking systems and lower energy consumption by concentrating sunlight to a fixed small heat-receiving area (fixed-focus) in tracking the sun compared with that of the solar receiver needed to rotate with the solar concentrator. The optical performance of the FFFSC is tested experimentally and simulated numerically, considering the effects of different solar times, tracking errors, and periodical adjustment errors. Figure 1 shows the schematic diagram of the FFFSC. The FFFSC uses a polar-axis tracking system in which the polar-axis of rotation is aligned parallel with the polar-axis of the Earth, and the declination axis is perpendicular to the polar axis. On the basis of guaranteeing the tracking accuracy, the tracking with the polar-axis biaxial linkage converts the sun's elliptical moving trajectory to the solar azimuth spinning on the east-west single tilt axis and the declination angle pitching in the north-south direction. The sun declination angle of the FFFSC is changing due to the yearly change of the sun's path [21] . Based on the rotation behavior of the Earth, the Fresnel lens rotates around the polar-axis from east to west every day by the earth rotation angular velocity. The focus of Fresnel lens is on the intersection of the two axes. Furthermore, the horizontal angle of the polar-axis depends on the local latitude angle (Φ), and the tracking angle of the declination axis is dependent on the sun declination angle (δ). In this study, coupling with the latitude angle of Guangzhou (latitude: 23 • 08 ), the horizontal angle of the polar axis is 23 • 08 . Mechanical control is achieved through the use of a 12 V, DC gear motor and a manual lead screw adjustment device, the gear motor controls the rotation of the polar axis that holds the entire system. A manual lead screw adjustment device controls the sun declination angle of the arms that hold the Fresnel lens. The mechanical structure and installation resolve the conflict between tracking accuracy and operating cost. This kind of installation can greatly eliminate the impact of the Earth's rotation by the rotating polar axis, avoiding power consumption owing to the frequent rotation in a relatively short period. 
Working Principle of a Fixed-Focus Fresnel Lens Solar Concentrator

The Optical Experimental Analysis of a Fixed-Focus Fresnel Lens Solar Concentrator
To validate the fixed-focus performance of the FFFSC, an indirect measuring system was designed for performance testing in the real weather conditions. Figure 2a shows the schematic diagram of the indirect measuring system of FFFSC. The system mainly consists of a giant Fresnel lens, a polar-axis tracking unit, a solar pyranometer, an adjustable platform, a diffuse flat receiver, a CCD (charge-coupled device) camera, an absorptive-reflective neutral density filter (ND-filter), a data acquisition system, etc. Figure 2b shows the fixed-focus Fresnel lens solar concentrator using polar-axis tracking. The Fresnel lens was made of PMMA with an aperture diameter of 1100 mm, a thickness of 3 mm, with a groove pitch of 1 mm and a focal length of 1000 mm. Sunlight passing through the Fresnel lens is finally directed to the diffuse flat receiver located at the focal point of the lens which is placed in parallel to the adjustable platform. The polar-axis tracking unit was used for sun tracking. On the basis of guaranteeing the tracking accuracy, the declination angle in the north-south direction was manually adjusted. The direct solar irradiance was measured by a solar pyranometer. The CCD camera was calibrated and used to shoot the image of the focal spot on the diffuse flat receiver. Both the camera and the lens were placed in the same plane, and the CCD camera was tilted to take the image of the receiver. In this particular situation, the problem of the angle between the CCD camera and the receiver is less significant [22] . Absorptive-reflective neutral density filters were placed in front of the camera lens to decrease the intensity of reflected concentrated radiation. After the test, the images taken by the CCD camera were recorded and processed by a data acquisition system in order to obtain the flux density distribution of the focal spot, including correcting the distortion of the image, transforming the coordinate unit, and converting the greyscale of the images to flux intensity. Although it is difficult to obtain an absolute irradiance value using the CCD camera as its sensitivity depends on the response wavelength, the relative irradiances under different experimental conditions for the same FFFSC are valid. The experiments were carried out in Guangzhou on 9 November 2017 (sun declination angle (δ): −16 • 48 ). All the measuring instruments used in the tests has been calibrated and checked the conformance of the measuring instrument to the standards. The main parameters measured in this study were the solar radiation, tracking angle, and the flux density distribution on the diffuse flat receiver. The main errors were likely to be related to instrumentation issues (sensitivity and measurement inaccuracy), which can be calculated from Equation (1) [23] . Errors associated with the measuring instruments are shown in Table 1 .
Error =
Accuracy o f instrument Minimun value o f the output measured (1) Figure 3 shows the flux density distributions on the diffuse flat receiver when the Fresnel lens and the receiver surface are adjusted to be parallel, which is in accordance with the situation of the rotating solar receiver. Generally, the aperture radius of the receiver is about 50 mm; therefore, a red circular area with a radius of 50 mm on the diffuse flat receiver is defined as the receiver area in experiment, which coincides with engineering actuality [24] . It is noted that irradiance on the diffuse flat receiver is basically distributed in the red circular area, and the optical characteristics of that is used as a reference group. In order to reduce the impact of irradiation fluctuation on measurement accuracy [25] , the experiments were carried out between solar time 10:00 and 14:00. Figure 4 illustrates the flux density distributions on the diffuse flat receiver for apparent solar time at 10:00-14:00 with a one-hour interval. It can be seen that the focal spot is basically distributed in a red circular area and presents a different angle with the coordinate axis under different apparent solar time. Since the receiver is fixed, part of the light may not be received when the actual optical focus is offset. For the sake of describing the focal spot deviation, the optical efficiency of the FFFSC can be calculated by:
where E rec is the total energy received by the receiver with an aperture radius of 50 mm, R is the radius of Fresnel lens, and I is the direct solar irradiance for Fresnel lens. The mean value and maximum value of the local concentration ratio of the solar flux are simply obtained by applying Equation (3) and Equation (4), respectively:
where G mean is the mean flux density on a receiver area, G max is the maximum flux density on a receiver area. To compare the optical characteristics of the FFFSC with the rotating solar receiver, the relative optical efficiency loss can be calculated by:
where E rec,ref is the total energy received by the receiver in the reference group. The threshold of the proposed FFFSC on the validity of fixed-focus performance that depends on the relative optical efficiency loss of FFFSC is 10%, which meets the general requirements of the solar concentrator [26] . Table 2 indicates experimental optical characteristics of the FFFSC under different apparent solar times measured in this work. As can be observed in the table, the relative optical efficiency loss between the experimental group and the reference is lower than 1.87%, which means the FFFSC can achieve a fixed-focus in the experiment. It is also remarkable the interdependence of X max , X mean , and apparent solar time. This result was expected since, individually, there is an angle between the optical axis of the Fresnel lens and the receiver plane normal which is caused by changes of the solar hour angle, and that will lead to a change of the focal spot shape on the receiver. Moreover, the optical efficiency of the FFFSC is more than 71.61%, and the mean value and maximum value of the local concentration ratio of the solar flux on the receiver are more than 86.64 and 1319.43, respectively, as can be observed in Table 2 . 
Tracking Precision Requirement
Since the position of the sun in the sky changes all the time, the Fresnel lens usually needs to keep track of the sun. Generally, there exists a lag between the tracking position and the actual position of the sun, which leads to the tracking error and may cause the focal spot to move off the scope of the receiver. The requirement for tracking precision means the maximum acceptance angle that is allowed in tracking, and it is a main factor that influences the performance of the FFFSC. The acceptance angle is defined as the error angle at which the relative optical efficiency loss of the FFFSC is less than 10% [26] . In this experiment, the Fresnel lens was kept fixed for a period, while the change of the focal spot was recorded every minute using the CCD camera. Figure 5 shows flux density distribution shot by the CCD camera on the diffuse flat receiver for the tracking error angles from 0 to 2.5 • with an interval angle of 0.5 • . It can be seen from Figure 5 that the focal spots are almost located in the red circular area when tracking is precise. With the increase of the tracking error angle, some of the focal spots tend to deviate from the red circular boundary. As a result, the focal spots are still located in the red circular area within the tracking error angle of 1.5 • . Table 3 indicates the experimental optical characteristics of the FFFSC under different tracking error angles measured in this work. When the tracking error angle is within 1 • , the FFFSC has lower relative optical efficiency loss of less than 3.55%; when the tracking error angle is bigger than 1.5 • , the relative optical efficiency loss increases sharply, which is up to 17.42%. From this analysis, we can conclude that the tracking precision requirement should be about 1 • . This accords with the requirement of a general solar concentrator for tracking accuracy [27] . 
Effect of the Periodical Adjustment Error
For the FFFSC using polar-axis tracking, the focal spot and its position will change with the sun declination angle even when the tracking error angle is 0 • . If the rotation angle of the declination axis is not suitable for the change of the sun declination angle when periodically adjusting the FFFSC, the focal spot would deviate from the red circular area.
An experiment was also conducted to evaluate this effect by changing the periodical adjustment error angle. During the experiment, the rotation angle of the declination axis was adjusted according to the sun declination angle, and the periodical adjustment error angle changed from 0 to 2.5 • with an interval of 0.5 • , too. The flux density distribution of focal spots under different periodical adjustment error angles are illustrated in Figure 6 . It can be seen from the figure that the focal spot deviation rises with the increase of the periodical adjustment error angle, and the focal spots are still located in the red circular area within the periodical adjustment error angle of 1 • . When the periodical adjustment error angle exceeded 1.5 • , the focal spot began to depart from the red circular boundary. Experimental optical characteristics of the FFFSC under different periodical adjustment error angle measured in this work are shown in Table 4 . It is noticeable that the relative optical efficiency loss of FFFSC is 5.53% for the periodical adjustment error angle of 1 • . As discussed before, this angle could be considered as the allowable periodical adjustment error angle. Because the maximum change of sun declination angle for one day does not exceed 0.5 • [28] , in other words, it may be appropriate to adjust the FFFSC's declination axis with the period of two days when the sun declination angle is −16 • 48 . 
The Optical Simulation Analysis of the Fixed-Focus Fresnel Lens Solar Concentrator
In this section, the fixed-focus performance of the FFFSC is established by means of numerical methods. With these models, focal spot deviation of the FFFSC under different tracking conditions can be predicted. The optical simulation can also provide a method to evaluate the influence of independent parameters on the FFFSC's performance, which are difficult to be obtained only by outdoor experiments. A raytracing program based on the Monte Carlo method for optical analysis of solid models named TracePro ® (Lambda Research Corporation, Littleton, MA, USA) is then used to simulate the scattering and diffraction of light, and to sample of the distribution of rays emanating from certain light sources. TracePro ® is a raytracing visual software where 3D modelling is allowed. It makes use of variance reduction techniques to reduce the number of rays required to obtain a reliable result [29] . TracePro ® has been validated as a lighting design software, where it has been used in numerous research works as a part of the design process [29] [30] [31] . In Monte Carlo raytracing, scattering and diffraction are treated as random processes. Instead of propagating a distribution of light, discrete samples of the distribution, or rays, are propagated. The samples are randomly chosen, using the scattering distribution as a probability density. This allows the well-developed techniques of raytracing to be used to model scattering [32] . Solid models were created to obtain the light rays on the receiver.
According to the above reference discussions, the CAD model of the FFFSC was made and imported to the raytracing code Tracepro ® V4.1.6 via an intermediate ACIS format, and the sizes were the same as the experimental FFFSC. The solar spectrum from 300 to 2500 nm is applied to the simulation with the solar half-angle of 0.27 • [33] . Fresnel losses and absorption in dielectric materials are considered, but surface scattering and teeth rounded edges of the Fresnel lens are neglected. The corresponding refraction index of PMMA in Tracepro ® can be calculated using Cauchy's equation [34] :
where n is the refractive index, λ is the wavelength, and a 0 , a 1 , a 2 , a 3 , a 4 , a 5 , etc., are the constant coefficients. a 1 = −2.44753480 × 10 −4 , a 2 = 1.41557870 × 10 −2 , a 3 = −4.43297810 × 10 −4 , a 4 = 7.76642590 × 10 −5 , a 5 = −2.99363820 × 10 −6 , and the unit of λ is µm [35] . Different distributions of the Fresnel lens' slope error and the FFFSC's tracking error are proposed in literature which is based on the long-term performances of the solar system [36, 37] , but both of them are ignored in the simulation. The ray path passing through the FFFSC is illustrated in Figure 7 . 
Focal Spot Deviation
Optical simulation is performed using the same condition as the experiment. The flux density distribution of the focal spots for various apparent solar times are presented in Figure 8 . It can be seen that the flux density distribution of focal spots agreed well with the results of experiment that is shown in Figure 4 . Similarly, simulation optical characteristics of the FFFSC have been measured in this work. The flux density distributions on the receiver when it is parallel to the Fresnel lens has been simulated, and the optical characteristics of that is also used as a reference group. The relative optical efficiency loss between the simulation group and the reference is lower than 0.062%, which means the FFFSC can realize a fixed-focus during the tracking process. Moreover, the optical efficiency of the FFFSC can reach about 74.80%, and the mean value and maximum value of the local concentration ratio of the solar flux on the receiver are more than 90.45 and 1371.12, respectively. To verify the correctness of the simulation model, the simulation error of FFFSC can be calculated by:
where ∆E rec is the difference of the received energy between the simulation results and the measured data, and E rec,exp is the received energy in the corresponding experimental result. The threshold of the correctness between the results in the simulation and experiment that depends on the simulation error is 5%, which corresponds with the demand of engineering [38] . According to these equations, the optical efficiency and the simulation error of the FFFSC with different solar times for the receiver was estimated from the simulation results and the measured data, as shown in Figure 9 . It can be seen from the figure that the trend of the experimental optical efficiency under various solar time is consistent with that of simulation but both had some variances. The simulation error has much variation with the changing solar hour angle of the FFFSC, due mainly to the influence of the non-Lambert property of the diffuse flat receiver [39] . Additionally, the experimental quantity is lower than that of the simulating results due to the difference between the response of the CCD camera and the solar spectrum, the manufacturing inaccuracy, surface scattering, the teeth rounded edges of the Fresnel lens, and so on. However, the maximum simulation error of the system is 4.40%, indicating that the simulation model is correct and the optical characteristics of the FFFSC can be verified by the optical simulation method. 
Tracking Precision Requirement
The flux density distribution of the focal spots and the change of its position for various tracking errors are presented in Figure 10 . It can be seen that the focal spot tends to deviate from the circular area with the increase of the tracking error angle, which is consistent with the experimental results in Figure 5 . When the tracking error increases, some of the refracted or reflected rays tend to be deviated from the receiver. 
Effect of the Periodical Adjustment Error
A simulation was also conducted to evaluate the effect of periodical adjustment error by rotating the declination axis of the FFFSC. The flux density distribution of the focal spot is shown in Figure 12 for 0 • , 0.5 • , 1 • , 1.5 • , 2 • , and 2.5 • periodical adjustment error angles. It can be seen that the focal spot tends to deviate from the circular area as the rotation angle of the declination axis increases, which are also consistent with the experimental results in Figure 6 . Especially, when the periodical adjustment error angle exceeded 1 • , the focal spot began to depart from the circular boundary. As can be observed from Figure 13 , the optical efficiency of the experiment and simulation presented the same change trend under various periodical adjustment error angle. Obviously, the optical efficiency of FFFSC tends to decrease with the tracking error angle, quickly decrease when tracking error angle is more than 1.5 • . The simulation error of the FFFSC also increases with the tracking error angle. Since the peak value of the simulation error is 4.24%, this means the simulation model is correct, too. 
The Validity of the Fixed-Focus Fresnel Lens Solar Concentrator's Fixed-Focus Performance under Different Incident Angles in Total Year
The objective of this work to the FFFSC is to make clear the important concern that whether the FFFSC can work properly in a convenient way, as expected, to track sunlight and achieve the fixed-focus performance under different incident angles in total year. Since the optical simulation model of FFFSC is correct, the validity of FFFSC's fixed-focus performance under different incident angles in total year has been simulated and analyzed. To guarantee the correctness of the optical simulation model within limits, the simulations were carried out at intervals of 1 h between apparent solar time of 10:00 and 14:00 [40] . Since the declination angle of the sun that varies from −23 • 27 to south +23 • 27 during a year and the horizontal angle of the polar-axis equal to the local latitude angle [41] , a sun declination angle of +23 • 27 , 0 • , and −23 • 27 has been chosen for comparison. Optical characteristics of FFFSC measured when the Fresnel lens and the receiver surface are adjusted to be parallel in the simulation are used as a reference group, which is in accordance with rotating solar receiver. Table 5 shows the simulation optical characteristics of FFFSC under different incident angles in total year. According to Equation (5), the maximum value of η re-opt,loss in Table 5 is 0.116%, corresponding to the sun declination angle of +23 • 27 and −23 • 27 , and the apparent solar time are 10:00 and 14:00. The maximum value of η re-opt,loss is so small that the focal spot will stay in the area of the receiver, which indicates that the FFFSC can realize fixed-focus under different incident angles in total year. Additionally, the optical efficiency of FFFSC is about 74.70%, mean value and maximum value of the local concentration ratio of the solar flux on the receiver are up to about 90.40 and 1346.70, respectively. It means that the FFFSC has high optical efficiency and can obtain high temperature in a practical application. The initial results are very promising and significant for broadening the application range of FFFSC with higher concentrations.
Conclusions
In this study, the FFFSC has been proposed and investigated. The experimental and optical simulation has been done to evaluate the validity of FFFSC's fixed-focus performance. The results can be summarized as follows:
Maximum value of the relative optical efficiency loss of FFFSC in the experiment for one day is 1.87%. Mean value and maximum value of the local concentration ratio of the solar flux on the receiver are more than 86.64 and 1319.43, respectively. -
The allowable angle of tracking error should be less than 1 • . When the tracking error angle is bigger than 1.5 • , the relative optical efficiency loss increases sharply which is up to 17.42%. -
The allowable angle of periodical adjustment error should be less than 1 • , too. It may be appropriate to adjust the FFFSC's declination axis with the period of two days when the sun declination angle is −16 • 48 . -Experimental results are in coincidence with optical simulation results and the peak value of simulation errors are less than 5%, which indicates that the simulation model is correct and the optical characteristics of FFFSC can be verified by optical simulation method. -According to the total year simulation of FFFSC's fixed-focus performance, the maximum relative optical efficiency loss of FFFSC is 0.116%, which indicates that the FFFSC can achieve the fixed-focus under different incident angles in total year. 
